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ABSTRACT 


Based  on  a  unique  experimental  technique,  measurement  results 
are  presented  on  the  passive,  remote  sensing  of  the  optical 
modulation  transfer  function  of  desert  atmospheres  (MTF^)  , 
including  the  DC,  low  and  high  spatial  cutoff  frequency  components 
which  are  attributed  to  contrast,  aerosol,  and  turbulence, 
respectively.  In  particular,  use  of  this  technique  has  made  it 
possible,  for  the  first  time,  to  directly  measure  the  low  spatial 
frequency  cutoff  of  the  aerosol  component.  This  technique  is  based 
on  utilizing  digital  image  processing  of  remote  video  scenes  which 
include  two,  optically  identical,  castellated  targets  which  are 
located  at  different  distances  and  are  contrasted  against  the 
horizon  sky.  Ratios  of  apparent  contrast  and  FFT  calculations  are 
used  to  determine  the  MTF^  components,  including  the  spatial  cutoff 
frequencies  of  the  aerosol  and  turbulence  components,  independent 
of  the  imaging  system  and  actual  properties  of  the  targets.  The 
experimental  technique  is  described  along  with  current  MTF^^ 
component  measurements. 
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1 .  Two  target  emplacement  for  MTP^  measurements . 

2.  Camera  view  of  the  targets  located  at  one  and  two  16 

km.  respectively. 

3.  The  top  photo  (a)  shows  the  CCD  digital  video  23 

camera  with  telescopes.  Photo  (b)  shows  the  PC- AT 

used  to  control  that  camera  and  to  record  and 
analyze  the  digitized  image. 

4.  The  above  photo  shows  one  of  the  two  castellated  26 

targets  measuring  2.24  m^,  mounted  on  vertical  rails 

to  a  13  m.  tower.  A  motor  driven  winch  is  used  to 
lift  and  lower  the  target. 

5.  Data  from  the  morning  of  August  21,  1992:  (a)  28 

line  pixel  values  of  the  black -white  steps  for  both 
targets;  (b)  norma] ized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  HTF^,  MTFp,  derived  from  the 
ratio  of  far  target  FFT  to  the  near  target  FFT. 

Values  for  t,  and  MTFb,  are  included.  The  pixel 
(a)  and  FFT  (b)  data  on  the  left  and  right 

corresponds  to  the  near  and  far  target, 
respectively. 

6.  Data  from  the  noon  of  August  21,  1992:  (a)  line  29 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTF*,  MTFp,  derived  from  the 
ratio  of  far  target  FFT  to  the  near  target  FFT. 

Values  for  f^,  t,  and  MTFb,  are  included.  The  pixel 
(a)  and  FFT  (b)  data  on  the  left  and  right 

corresponds  to  the  near  and  far  target, 
respectively. 
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7.  Data  from  the  morning  of  November  21,  1992:  (a)  30 

line  pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTF^*  MTFp,  derived  from  the 
ratio  of  far  target  FFT  to  the  near  target  FFT. 

Values  for  fc#  x,  and  MTFt,,  are  included.  The  pixel 
(a)  and  FFT  (b)  data  on  the  left  and  right 

corresponds  to  the  near  and  far  target, 
respectively. 

8.  Data  from  the  noon  of  November  21,  1992;  (a)  line  31 

pixel  values  of  the  black -white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTF^,  MTFp,  derived  from  the 
ratio  of  far  target  FFT  to  the  near  target  FFT. 

Values  for  f^,  x,  and  MTFt,,  are  included.  The  pixel 
(a)  and  FFT  (b)  data  on  the  left  and  right 

corresponds  to  the  near  and  far  target, 

respectively. 

9.  Data  from  the  morning  of  August  21,  1992;  (a)  33 

line  pixel  values  of  castellated  black/white 
stripes  for  both  targets;  (b)  normalized  spatial 
freuency  response  of  both  tarets  based  on  the 

corresponding  pixel  values  shown;  (c)  tubulence 

MTF^,  MTFt,  derived  from  the  ratio  of  the  far  to 
near  target  frequency  response.  The  pixel  values 
(a)  and  frequeny  data  (b)  on  the  left  and  right 
corresponds  to  the  near  and  far  target, 

respectively. 

10.  Data  from  the  noon  of  August  21,  1992:  (a)  line  34 

pixel  values  of  castellated  black/white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 

response  of  both  targets  based  on  the 

conrresponding  pixel  values  shown;  (c)  turbulence 
MTF*,  MTFt,  derived  from  the  ratio  of  far  to  near 
target  frequency  response.  The  pixel  values  (a) 
and  frequeny  data  (b)  on  the  left  and  right 
corresponds  to  the  near  and  far  target, 

respectively. 
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11.  Data  from  the  morning  of  November  21,  1992:  (a) 

line  pixel  values  of  castellated  black/white 
stripes  for  both  targets;  (b)  normalized  spatial 
frequency  response  of  both  targets  based  on  the 
conrresponding  pixel  values  shown;  (c)  turbulence 
MTF;^,  MTFt,  derived  from  the  ratio  of  the  far  to 
near  target  frequeny  response.  The  pixel  values 
(a)  and  frequency  data  (b)  on  the  left  and  right 
corresponds  to  the  near  and  far  target, 
respectively. 

12.  Data  from  the  noon  of  November  21,  1992:  (a)  line  36 

pixel  values  of  castellated  black/white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  base  on  the  conrresponding 
pixel  values  shown;  (c)  turbulence  MTF*,  MTF^, 
derived  from  the  ratio  of  the  far  to  near  target 
frequeny  response.  The  pixel  values  (a)  and 
frequency  data  (b)  on  the  left  and  right 
corresponds  to  the  near  and  far  target, 
respectively. 
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1.  Data  from  7:00  AM  of  August  25,  1993:  (a)  line  46 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFu,  are  included. 

2.  Data  from  7:00  AM  of  August  25,  1993:  (a)  line  47 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  HTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTF^  is 
included. 

3.  Data  from  9:30  AM  of  August  25,  1993:  (a)  line  48 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f^,  T,  and  MTFb,  are  included. 

4.  Data  from  9:30  AM  of  August  25,  1993:  (a)  line  49 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTFt  is 
included. 

5.  Data  from  12:00  PM  of  August  25,  1993:  (a)  line  50 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFb,  are  Included. 
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6.  Data  from  12:00  PM  of  August  25,  1993:  (a)  line  51 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t#  for  MTF^  is 
included. 

7.  Data  from  7:50  AM  of  July  10,  1993:  (a)  line  pixel  52 

values  of  the  black -white  steps  for  both  targets; 

(b)  normalized,  line  FFTs  of  both  targets  based  on 
the  corresponding  pixel  values  shown;  (c) 

normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f(.,  t,  and  MTFt,,  are  included. 

8.  Data  from  7:50  AM  of  July  10,  1993:  (a)  line  pixel  53 

values  of  castellated  black-white  stripes  for  both 
targets;  (b)  normalized  spatial  frequency  response 

of  both  targets  based  on  the  corresponding  pixel 
values  shown;  (c)  turbulence,  MTFt,  derived  from 
the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^j,  for  MTFt  is 
included. 

9.  Data  from  8:30  AM  of  July  10,  1993:  (a)  line  pixel  54 

values  of  the  black -white  steps  for  both  targets; 

(b)  normalized,  line  FFTs  of  both  targets  based  on 
the  corresponding  pixel  values  shown;  (c) 

normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFt,,  included. 

10.  Data  from  8:30  AM  of  July  10,  1993:  (a)  line  pixel  55 

values  of  castellated  black-white  stripes  for  both 
targets;  (b)  normalized  spatial  frequency  response 
of  both  targets  based  on  the  corresponding  pixel 
values  shown;  (c)  turbulence,  MTF^,  derived  from 
the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fctr  for  HTP^  is 
included. 


ix 


Figure  Page 

11.  Data  from  11:30  AM  of  July  10,  1993:  (a)  line  56 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FPTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  t,  and  MTFt,,  are  included. 

12.  Data  from  11:30  AM  of  July  10,  1993:  (a)  line  57 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTF^  is 

included. 

13.  Data  from  7:35  AM  of  June  26,  1993:  (a)  line  pixel  58 

values  of  the  black-white  steps  for  both  targets; 

(b)  normalized,  lira  FFTs  of  both  targets  based  on 
the  corresponding  pixel  values  shown;  (c) 

normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f^,  X,  and  MTFtj,  are  included. 

14.  Data  from  7:35  AM  of  June  26,  1993:  (a)  line  pixel  59 

values  of  castellated  black-white  stripes  for  both 
targets;  (b)  normalized  spatial  frequency  response 

of  both  targets  based  on  the  corresponding  pixel 
values  shown;  (c)  turbulence,  MTF^,  derived  from 
the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t^  for  MTF^  is 
included. 

15.  Data  from  8:45  AM  of  June  26,  1993:  (a)  line  pixel  60 

values  of  the  black-white  steps  for  both  targets; 

(b)  normalized,  line  FFTs  of  both  targets  based  on 
the  corresponding  pixel  values  shown;  (c) 

normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFb,  are  included. 
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16.  Data  from  8:45  AM  of  June  26,  1993:  (a)  line  61 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTF^  is 
included. 

17.  Data  from  12:00  PM  of  June  26,  1993:  (a)  line  62 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f(.,  T,  and  MTFt,,  are  included. 

18.  Data  from  12:00  PM  of  June  26,  1993:  (a)  line  63 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t*  for  MTF^  is 
included, 

19.  Data  from  10:30  AM  of  June  12,  1993:  (a)  line  64 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f^,  T,  and  MTF(3,  are  included. 

20.  Data  from  10:30  AM  of  June  12,  1993:  (a)  line  65 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTFt,  derived 
frcxn  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^,  for  MTFt  is 
included. 
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21.  Data  from  11:27  AM  of  June  12,  1993*  'i)  line  66 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FPTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FPT.  Values  for 
X,  and  MTFb,  are  included. 

22.  Data  from  11:27  AM  of  June  12,  1993:  (a)  line  67 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t.  for  MTF^  is 
included. 

23.  Data  from  10:00  AM  of  April  17,  1993:  (a)  line  68 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFu,  are  included. 

24.  Data  from  10:00  AM  of  April  17,  1993:  (a)  line  69 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t#  for  MTF^  is 
included. 

25.  Data  from  12:00  PM  of  April  17,  1993:  (a)  line  70 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fg,  T,  and  MTFb,  are  included. 
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26.  Data  from  11:30  AM  of  April  17,  1993:  (a)  line  71 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTFt,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTP,.  is 
included. 

27.  Data  from  11:15  AM  of  April  17,  1993:  (a)  line  72 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fj.,  T,  and  MTFb,  are  included.  Focus  on  near 
target . 

28.  Data  from  11:15  AM  of  April  17,  1993:  (a)  line  73 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct«  for  MTF^  is 
included.  Focus  on  near  target. 

29.  Data  from  11:20  AM  of  April  17,  1993:  (a)  line  74 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fj.,  X,  and  MTFb,  are  included.  Focus  beyond  near 
target . 

30.  Data  from  11:20  AM  of  April  17,  1993:  (a)  line  75 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  HTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTFt  is 
included.  Focus  beyond  near  target. 


xiii 


Figure  Page 

31.  Data  from  11:40  AM  of  April  17,  1993:  (a)  line  76 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FPT.  Values  for 
f<-,  X,  and  MTPb,  are  included.  Focus  closer  than 
near  target. 

32.  Data  from  11:40  AM  of  April  17,  1993:  (a)  line  77 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (bj  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t.  for  MTF^  is 
included.  Focus  closer  than  near  target. 

33.  Data  from  10:00  AM  of  February  27,  1993:  (a)  line  78 

pixel  values  of  the  black -white  steps  for  both 

targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  T,  and  MTFt,,  are  included. 

34.  Data  from  10:00  AM  of  February  27,  1993:  (a)  line  79 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTFt,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTFt  is 
included. 

35.  Data  from  12:00  PM  of  February  27,  1993:  (a)  line  80 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  t,  and  MTF^,  are  included. 
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36.  Data  from  12:00  PM  of  February  27,  1993:  (a)  line  81 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  HTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct«  for  MTF^  is 
included. 

37.  Data  from  9:00  AM  of  December  22,  1992:  (a)  line  82 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fj.,  X,  and  MTFt,,  are  included. 

38.  Data  from  9:00  AM  of  December  22,  1992:  (a)  line  83 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTFj  is 
included . 

39.  Data  from  9:57  AM  of  December  22,  1992:  (a)  line  84 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFT"  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f-,  T,  and  MTFb,  are  included. 

40.  Data  from  9:57  AM  of  December  22,  1992:  (a)  line  85 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fd.  for  MTFt  is 
included. 
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41.  Data  from  11:00  AM  of  December  22,  1992:  (a)  line  86 

pixel  values  of  the  black -white  steps  for  both 

targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f^,  T,  and  MTFb,  are  included. 

42.  Data  from  11:00  AM  of  December  22,  1992:  (a)  line  87 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct*  for  MTP^  is 
included. 

43.  Data  from  7:00  AM  of  November  21,  1992:  (a)  line  88 

pixel  values  of  the  black-white  steps  for  both 

targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f^,  T,  and  MTFb,  are  included. 

44.  Data  from  7:00  AM  of  November  21,  1992:  (a)  line  89 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTF^  is 
included. 

45.  Data  from  12:00  PM  of  November  21,  1992:  (a)  line  90 

pixel  values  of  the  black-white  steps  for  both 

targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  t,  and  MTFb,  are  included. 
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46.  Data  from  12:00  PM  of  November  21,  1992:  (a)  line  91 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct*  for  MTE^  is 
included . 

47.  Data  from  8:00  AM  of  October  31,  1992:  (a)  line  92 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  t,  and  MTFb,  are  included. 

48.  Data  from  8:00  AM  of  October  31,  1992:  (a)  line  93 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fee  for  MTF^  is 
included. 

49.  Data  from  9:30  AM  of  October  31,  1992:  (a)  line  94 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f(-,  T,  and  MTFt,,  are  included. 

50.  Data  from  9:30  AM  of  October  31,  1992:  (a)  line  95 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
frexn  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  HTP^  is 
included. 
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51.  Data  from  7:00  AM  of  October  17,  1992:  (a)  line  96 

pixel  values  of  the  black -white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  PFT  to  the  near  target  FFT.  Values  for 
f,.,  T,  and  MTFb*  are  included. 

52.  Data  from  7:00  AM  of  October  17,  1992:  (a)  line  97 

pixel  values  of  castellated  black -white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t*  for  MTP^  is 
included. 

53.  Data  from  9:00  AM  of  October  17,  1992:  (a)  line  98 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fj.,  X,  and  MTFb,  are  included. 

54.  Data  from  9:00  AM  of  October  17,  1992:  (a)  line  99 

pixel  values  of  castellated  black-white  stripes  for 

both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTF^  is 
included. 

55.  Data  from  7:00  AM  of  September  5,  1992:  (a)  line  100 

pixel  values  of  the  black -white  ^  .eps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 

based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  PFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFb,  dx-e  included. 
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56.  Data  from  7:00  AM  of  September  5,  1992:  (a)  line 
pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  HTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct#  for  MTP^  is 
included . 

57.  Data  from  9:30  AM  of  September  5,  1992:  (a)  line 
pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFt,,  are  included. 

58.  Data  from  9:20  AM  of  September  5,  1992:  (a)  line 
pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct.  for  MTF^  is 
included. 

59.  Data  from  2:00  PM  of  September  5,  1992:  (a)  line 
pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFb,  are  included. 

60.  Data  from  11:00  AM  of  September  5,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTFt  is 
included. 
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61.  Data  from  7:00  AM  of  August  26,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  PFT.  Values  for 
fc,  t,  and  MTFb,  are  included. 

62.  Data  from  7:00  AM  of  August  26,  1992:  (a)  line 

pixel  values  of  castellated  black -white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTP^  is 
included. 

63.  Data  from  9:30  AM  of  August  26,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fj,  X,  and  MTFb,  are  included. 

64.  Data  from  9:30  AM  of  August  26,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct»  for  MTF^  is 
included. 

65.  Data  from  12:00  PM  of  August  26,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  PPT  to  the  near  target  FFT.  Values  for 
fc,  T,  and  MTPi,*  are  Included. 
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Figure 

66.  Data  from  12:00  PM  of  August  26,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTE^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct*  for  MTF^  is 
included . 

67.  Data  from  7:00  AM  of  August  25,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
f(,,  X,  and  MTFt),  are  included. 

68.  Data  from  7:00  AM  of  August  25,  1992:  (a)  line 
pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct,  for  MTFt  is 
included. 

69.  Data  from  9:30  AM  of  August  25,  1992:  (a)  line 
pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTFp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFt,,  are  included. 

70.  Data  from  9:30  AM  of  August  25,  1992:  (a)  line 
pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
frcan  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fctr  for  MTFt  Is 
included. 
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71.  Data  from  12:00  PM  of  August  25,  1992;  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  PPTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  PPT  to  the  near  target  PFT.  Values  for 
fc,  T,  and  MTFb,  are  included. 

72.  Data  from  12:00  PM  of  August  25,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTF^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTP^  is 
included. 

73.  Data  from  7:00  AM  of  August  21,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  PPTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  PFT  to  the  near  target  PFT.  Values  for 
f<.,  t,  and  MTFb,  are  included. 

74.  Data  from  7:00  AM  of  August  21,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTFt,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  fct,  for  MTF^  is 
included. 

75.  Data  from  12:00  PM  of  August  21,  1992:  (a)  line 

pixel  values  of  the  black-white  steps  for  both 
targets;  (b)  normalized,  line  PPTs  of  both  targets 
based  on  the  corresponding  pixel  values  shown;  (c) 
normalized  aerosol  MTPp,  derived  from  the  ratio  of 
far  target  FFT  to  the  near  target  FFT.  Values  for 
fc,  X,  and  MTFb,  are  included. 
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Figure 

76.  Data  from  12:00  PM  of  August  21,  1992:  (a)  line 

pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency 
response  of  both  targets  based  on  the  corresponding 
pixel  values  shown;  (c)  turbulence,  MTP^,  derived 
from  the  ratio  of  the  far  to  near  target  frequency 
response.  Cutoff  frequency,  f^t,  for  MTFt  is 
included . 
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1.  SUMMARY  OP  RESEARCH  STUDY 


An  experimental  research  study  was  conducted  for  the  purpose 
of  measuring  the  overall  optical  modulation  transfer  function  of 
desert  atmospheres  (MTF^)  ,  including,  for  the  first  time,  the  low 
spatial  frequency  component  of  the  MTP^^  attributed  to  aerosols, 
MTFp,-  the  high  frequency  component  due  to  turbulence,  MTr\;  and  the 
DC  component  of  the  MTF,^  which  is  related  to  contrast,  MTFf. 

MTF;^  measurements  were  performed  with  a  unique,  passive, 
remote  sensing  system.  This  unique  system  is  based  on  digital 
image  processing  of  remote  video  scenes  which  ideally  include  two, 
optically  identical,  castellated  targets,  located  along  a 
horizontal  direction  at  different  distances  from  a  high  resolution 
CCD  video  camera,  and  which  are  contrasted  against  the  horizon  sky. 

The  basic  theory  of  the  MTF*  is  summarized  in  section  2,  the 
experimental  approach  and  measuring  system  is  described  in  section 

3,  a  summary  of  the  most  important  results  are  included  in  section 

4,  conclusions  and  recommendations  for  future  research  are  included 
in  section  5,  and  lists  of  all  related  grant  publications  and 
participants  are  included  in  sections  6  and  7,  respectively.  A 
summary  of  the  MTF^^  data,  obtained  over  a  two  year  period,  and 
analysis  results  are  included  in  appendix  A. 
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2 .  THEORY 


The  atmospheric  modulation  transfer  function,  MTF*,  is  a 
quality  measure  of  optical  imaging  or  "seeing"  through  the 
atmosphere.  It  corresponds  to  a  low  pass  filter  and  may  be 
expressed  approximately  by  the  following  product  of  independent 
components , ^ 


MTFJ^  -  {MTFt)‘{MTF^)'{MTFp)‘[t4TFj  , 


(1) 


where, 

MTFt,  =  modulation  transfer  due  to  contrast, 

MTFt  =  modulation  transfer  function  due  to  atmospheric 
turbulence , 

MTFp  =  modulation  transfer  function  due  to  scattering  and 
absorption  by  aerosols  and  particulates,  and 

MTF^  =  modulation  transfer  function  due  to  molecular  absorp¬ 
tion  and  scattering. 

MTPb,  the  contrast  con^nent,  is  independent  of  spatial 
frequency  and  has  a  DC  ccanponent  related  to  extinction;  MTPt,  the 
turbulence  component,  exhibits  a  high  spatial  frequency  con^nent 
measuring  thousands  of  cycles /radian;  MTPp,  the  aerosol  component. 


2 


has  a  very  low  spatial  frequency  varying  from  tens  to  hundreds  of 
cycles/radian  and  MTF,,  the  molecular  scattering  component, 
primarily  due  to  isotropic,  Raleigh  scattering,  is  independent  of 
spatial  frequency  and  is  negligible  compared  to  scattering,  having 
a  value  of  approximately  one,  i.e.,  MTF,  =  1. 

This  report  describes  a  unique  experiment  which  has  been  used 
to  measure  the  MTF^  components  of  contrast,  turbulence,  and  for  the 
first  time,  the  direct  measurement  of  the  low  spatial  cutoff 
frequency  of  the  aerosol  component Current  results  of  the 
measurements  of  MTF^^  components  are  presented. 

2 . 1  Background 

Consider  a  video  scene  recording  of  a  two  dimensional  object 
viewed  through  the  atmosphere.  Neglecting  electronic  noise 
contributed  to  the  imaging  system,  the  observed  image,  f ''{x,y)  may 
be  expressed  by  the  following  relation,* 

f'{x,y)  =  f[x,y)  *PSF(x,y)  ,  (2) 


where , 

f  ' {x,y)  =  Brightness  distribution  of  image  observed 

through  the  imaging  system  and  the  atmosphere. 
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f(x,y)  =  Inherent  object  brightness  free  of  imaging 
system  and  atnnospheric  degradation, 

PSF(x,y)  =  Optical  point  spread  function  which  is  a  mea¬ 
sure  of  the  camera ' s  imaging  performance  and 
of  atmospheric  degradation,  and 
*  =  Convolution  operator. 

The  optical  transfer  function,  OTF(fjt,fy),  of  the  imaging 
system/atmosphere  is  given  by  the  two-dimensional  spatial  Fourier 
transform  of  PSF(x,y),  /[PSF{x,y)],  and  is  related  to  the  Fourier 
transforms  of  the  image  and  object  brightness  distributions  as 
follows ; 

OTF{f^,fy)  =  ^[PSF{x,y)]  =  ,  (3) 

Generally,  the  atmosphere  behaves  like  a  spatial  low  pass 
filter,  attenuating  the  high  spatial  frequencies  and  resulting  in 
the  degradation  or  blurring  of  the  image.  The  MTF^  magnitudes  and 
spatial  cutoff  frequencies  are  related  to  scattering,  turbulence, 
and  path  and  background  radiance. 

The  modulus  of  the  OTF  is  defined  as  the  total  modulation 
transfer  function  of  the  imaging  system  and  atmosphere,  MTPf,  and 
is  given  by. 
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(4) 


WTF,  =  I  OTF{f^,fy)  I  =  (MTFi)'{MTFj^)  , 


where, 

MTFj  =  Modulation  Transfer  Function  of  Imaging  System,  and 

MTFa  =  Modulation  Transfer  Function  of  the  Atmosphere. 

As  given  by  equation  (1) ,  the  MTF^^  may  be  expressed  as  the 
product  of  the  MTF^  components  due  to  contrast,  turbulence, 
aerosols,  and  molecular  scattering. 

Consider  a  camera  that  is  simultaneously  focused  on  two, 
optically  identical  target  images  which  are  located  at  different 
distances  from  a  camera.  If  MTFtp  and  MTF^  represent  the  MTF  of  the 
imaging  system/atmosphere  of  the  far  and  near  target,  respective¬ 
ly,  it  follows  from  equation  (4)  tha*-  this  ratio  is  given  the 
following  expression. 


MTF^y  _  MTFj^ 

MTFjjf  MTFj^ff 


From  the  above  expression  ,  it  follows  that  the  ratio  of  the 
MTF *8  is  independent  of  the  optical  transfer  function  of  the 
imaging  system,  and  is  only  a  function  of  the  ratio  of  the 
atmosphere  modulation  transfer  function  of  the  two  targets. 
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2 . 2  Aerosol  MTP 


Light  scattering  by  aerosols  is  a  function  of  the  relative 
particle  size  compared  to  the  optical  wavelength.*  If  the  size  of 
the  particle  is  small  compared  to  the  wavelength,  the  scattering  of 
light  will  be  at  large  angles  with  respect  to  the  direction  of 
propagation,  and  the  effect  of  the  scattering  is  primarily 
attenuation.  If  the  particle  size  is  comparable  or  larger  than  the 
incident  wavelength,  more  of  the  light  is  diffracted  primarily  in 
the  forward  direction.  This  results  in  multiple  random  forward 
scattering  of  light  to  be  incident  on  the  receiver,  causing 
degradation  and  blurring  of  the  image,  similar  to  the  effect  of 
atmospheric  turbulence. 

The  MTF  for  forward  scattering,  MTFp,  is  given  theoretically 
by  the  following  expressions, * 


MTFp 


^9  ^  • 


(6) 


MTFp  =  , 


* 


(7) 


where, 

f,  =  spatial  frequency  (cycles/radian) , 
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fj.  «•  a/X,  spatial  frequency  cutoff  (cycles/radian)  , 

X  =  optical  wavelength  (m) , 

a  =  effective  particle  radius  (m) , 
t,  =  Ogr  (optical  depth) , 

Os  =  scattering  coefficient  (m  ') ,  and 

r  =  horizontal  path  length  (m) . 

The  above  expressions  strictly  hold  for  small  angle  scattering 
for  the  case  when  the  particle  radius  is  comparable  or  greater  than 
the  optical  wavelength.  It  should  be  noted  that  there  is  quite  a 
variation  in  the  models  by  the  various  authors,  depending  on  what 
assumptions  are  made.  Also,  the  scattering  coefficient,  Oj, 
approximately  corresponds  to  extinction,  and  may  be  estimated  from 
contrast  transmittance  measurements.*’ 

The  asymptotic  cutoff  spatial  frequency,  fc,  where  the  MTFp 
approaches  exp(-Xs),  was  experimentally  determined  for  polystyrene 
microspheres  and  is  given  by  the  following  expression,’ 

/p  =  24 . 4  (-^) -’5  cycles/ radian,  (8) 

where  D  is  the  particle  diameter. 

Assuming  dusty  desert  conditions  so  that  D/X  <•10,  in  the 
visible  range. 
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=  137  cycles/ zadian. 


(9) 


For  approximately  clear  desert  conditions,  D  =  X,  giving  a  value  of 
fc  as  follows. 


B  24.4  cycles/ radian.  (10) 

The  cutoff  frequency  given  by  equation  (8)  also  applies  when 
D/X<1,  resulting  in  anisotropic  multiple  scattering.®® 

From  the  above  expressions,  it  can  be  concluded  that  the 
cutoff  spatial  frequency  is  observable  in  windy  desert  environments 
when  the  particulate  size  is  comparable  or  greater  than  the  optical 
wavelength.  As  the  spatial  frequency  approaches  zero,  the  aerosol 
MTF  approaches  one. 

A  relation  between  the  spatial  frequency  in  cycles  per  radian, 
fe,  and  the  spatial  frequency,  f^,  in  cycles/length  is  established 
from  the  relation  between  the  distances  of  the  image  and  object 
planes  of  the  imaging  system: 


(11) 

where  S  and  S*  correspond  to  the  distances  to  object  and  image 
planes,  respectively.  The  displacements,  Ax  and  AX',  correspond  to 
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the  displacements  subtended  by  the  view  angle  0  at  the  object  and 
image  planes,  respectively.  If  AX  corresponds  to  one  spatial 
wavelength  period,  it  follows  that: 


tx  =  cycles/ radian,  (13) 


fg  *  fy5  =  f'xS'  cycles/ length,  (14) 

2.3  Turbulence  MTF 

The  modulation  transfer  function  component  of  the  atmosphere 
due  to  turbulence,  HTF,,  Is  caused  by  randc»n  fluctuations  of  the 
atmospheric  refractive  index  which  result  from  random  changes  in 
temperature  and  pressure  along  the  propagation  path.  As  a  result, 
the  high  spatial  frequencies  are  attenuated,  resulting  in  the 


blurring  of  the  observed  image.  The  HTF^  has  been  studied  exten¬ 
sively  as  it  is  the  primary  degradation  of  imaging  in  astronomy. 

The  MTF  for  atmospheric  turbulence,  MTFt,  for  a  horizontal 
path  may  be  described  by  the  following  expression  *®  "  *^  ”: 


5  ,2 

=  exp{-57.44/e^A  ^C^r]  , 


(15) 


where, 

X  =  optical  wavelength  (cm) , 
r  =  horizontal  path  length  (cm)  , 

=  refractive  index  structure  function  cm^”,  and 
fg  =  spatial  frequency  (cycles/radian)  of  angular 
field  of  view. 

may  be  expressed  in  terms  of  atmospheric  pressure  P  and  the 
temperature  structure  function,  as  described  below**: 


Cj  =  (79X10-^-^)^Cr  , 


(16) 


where  P  is  the  pressure  in  millibars  and  T  is  the  tenqperature  in 
degrees  Kelvin.  Near  the  surface,  is  a  function  of  the  air 
tenqperature  vertical  gradient. 
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At  low  Spatial  frequencies,  MTPx->l.  The  MTFt  behaves  like  a 
low  pass  spatial  filter  and  decreases  with  increasing  spatial 
frequency.  The  high  cutoff  frequency,  fct.  where  MTFt  decreases  to 
e  follows  from  Equation  (15) : 


^  2 

=  [57.44X  3c^r]  5  . 


(17) 


For  a  typical  summer  noon  day  in  the  local  desert,  «  10 
cm'^'’^.'^  Assuming  a  horizontal  path  with  r  =  1000  m  and  X  =  5.5  x 
10  *  cm  (visible) ,  the  cutoff  frequency  is 


=  3,250  cycles/ radian  ,  (18) 

The  turbulence  MTF  has  the  highest  cutoff  frequency  of  the  MTF 
components . 


2.4  Contrast  MTF 
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The  atmospheric  MTF  is  also  degraded  by  radiance  from  the 
target  background  as  well  as  from  the  intervening  atmosphere, 
resulting  in  contrast  reduction  between  the  target  and  background. 
This  effect  can  be  expressed  in  terms  of  the  MTFu,  the  modulation 
transfer  function  due  to  contrast,  and  is  given  by  the  following 
expression” : 


MTFt,  = 


Bt 


-  B, 


'b  _ 


B't 


(Bc*B^)  *  2B^ 


(19) 


where  8%  and  B't,  are  the  apparent  target  and  background  brightness 
measured  at  a  horizontal  range  r^;  and  Bt,  are  the  inherent 
target  and  background  brightness;  B^  is  the  measured  horizon  sky 
brightness  corresponding  to  the  scattered  radiation  along  the  path; 
Finally,  Tr,  is  the  contrast  transmittance  measured  at  r^. 

The  contrast  transmittance  and  the  target  and  background 
brightness  are  expressed  by  the  following  fundamental 
relationships”'” : 


Bj  -bI, 

Bt-Bj, 


(20) 
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(21) 


B't 


BtTr, 


♦  B 


h  • 


Bb  -  +  Bi,  .  ^22) 

The  contrast  MTF  is  independent  of  spatial  frequency  and  corre¬ 
sponds  to  the  atmospheric  MTF  at  zero  spatial  frequency,  where  all 
other  MTF  components  have  a  value  of  one.  It  should  be  noted  that 
the  above  target  brightness  values  correspond  to  the  average  target 
brightness . 

The  contrast  MTF  may  be  determined  from  contrast  transmittance 
measurements  of  multiple  targets.  Based  on  the  ratio  of  contrast 
transmittance  of  two  targets  with  identical  inherent  optical 
properties  and  located  at  horizontal  ranges  r^  and  r^.j  with  a  common 
background,  it  follows  that  the  ratio  of  contrast  transmittances  to 
the  two  targets  is  given  by  the  following  expressions^ 


of  _  of 
"turn 


(23) 
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From  the  above  expression,  the  extinction,  a,  may  be  determined 
from  only  the  apparent  average  target  and  background  brightness  of 
the  targets  located  at  the  knovm  ranges  r^  and  r^^i,  respectively, 
and  appearing  on  the  same  video  image.  Once  the  extinction  is 
calculated  from  Equation  (23) ,  Equation  (20)  is  used  to  determine 
the  contrast  transmittance  Tr,  at  rj.  The  horizon  sky  brightness 
can  be  measured  from  the  same  video  scene.  Equations  (21)  and  (22) 
may  then  be  used  to  remotely  determine  the  values  of  the  inherent 
brightness  of  the  targets  and  background,  and  B^,  respectively. 
The  values  corresponding  to  B^,  B^,  B^,  and  T^,  may  be  used  in 

Equation  (19)  to  determine  the  contrast  MTF  at  zero  spatial 
frequency. 

The  background  may  correspond  to  the  white  strips  of  a 
castellated  target,  or  it  may  correspond  to  the  horizon  sky 
brightness.  For  the  latter  case,  B'bj  =  =  B^,. 


3.  EXPERIMENTAL  APPROACH 

Two  black  and  white  castellated  targets  are  horizontally 
located  at  one  and  two  km  from  a  digital  video  camera  (see  Figures 
1  and  2)  .  The  targets  were  constructed  so  that  their  castellatlons 
generate  identical  spatial  frequencies  ranging  from  DC  to  approxi¬ 
mately  80,000  cycles/radian.  Both  targets  are  contrasted  against 
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the  sky  and  positioned  so  that  they  are  both  digitally  recorded  on 
the  same  video  scene,  as  shovm  in  Figure  2. 


Horizontal  line  FFT's  are  generated  at  corresponding  target 
locations,  as  explained  below.  The  ratios  of  the  corresponding 
spectral  components  of  the  far  target  to  the  near  target  yields  the 
MTFft.  The  MTF;^  components  due  to  contrast,  aerosols,  and  turbulence 
will  then  be  determined  from  contrast  measurements  and  from  the  low 
and  high  spatial  frequency  responses,  respectively.  For  validation 
of  theoretical  or  laboratory  models,  ancillary  measurements  were 
taken  of  atmosphere  scattering  and  vertical  temperature  gradient. 


3.1  Target  Configuration 

Figure  1  shows  the  target  configuration.  It  consists  of  two 
castellated  targets  located  at  radial  distances  of  1  and  2  Km.  from 
the  video  camera.  The  radial  distances  to  the  targets  are 
displaced  by  a  small  view  angle,  0,  in  order  to  allow  both  targets 
to  be  viewed  by  the  video  camera  in  the  same  scene.  Ideally  the 
center  of  both  targets  is  located  at  the  same  height  from  the 
horizontal  ground.  Both  targets  are  assured  to  have  identical 
inherent  optical  properties  as  viewed  by  the  camera  by  constructing 
the  targets  of  the  same  material  and  by  having  equal  solid  angles 
subtended  by  both  targets  when  viewed  by  the  Ccunera.  This  requires 
that  the  area  of  the  target  be  in  proportion  to  the  square  of  the 
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Figure  2.  Camen  view  of  the  targets  located  at  one  aa  two  km.  reflectively. 
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UL  z:r*i 


radial  distance  to  the  target.  In  order  to  insure  that  the 
corresponding  black  and  white  strips  of  both  castellated  targets 
generate  the  same  spatial  frequencies  in  cycles/radian  at  the 
camera  location,  the  area  of  the  corresponding  strips  on  both  of 
these  targets  is  also  proportional  to  the  square  of  the  radial 
distances  to  the  camera. 

Based  on  the  above  construction,  both  castellated  targets  were 
of  identical  size  as  viewed  from  the  camera,  as  shown  in  Figure  2. 
Referring  to  Figure  2,  the  targets  consist  of  castellated  black  and 
white  strips  for  generation  of  identical  spatial  frequencies  from 
both  targets.  The  target  at  1000  meters  measures  about  1.22  X  1.22 
meters^,  forcing  the  target  at  2000  meters  to  measure  2.44  x  2.44 
meters^ . 


3.2  Spatial  Frequency  Generation 

Referring  to  Figure  2,  the  lower  halves  of  both  targets  consist 
of  castellated  black  and  white  strips  of  variable  widths.  These 
strips  vary  from  0.4  meter  to  0.6  cm  in  width  for  the  target 
located  at  1000  meters  and  0.8  meter  to  1.2  cm  for  the  correspond¬ 
ing  strip  widths  of  the  target  located  at  2000  meters,  generating 
identical  spatial  frequencies  varying  frc«n  1200  to  80,000  cy¬ 
cles/radian  at  the  camera  location.  This  spatial  frequency  range 
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will  adequately  cover  the  high  spatial  frequency  cutoff  range  of 
the  turbulence  MTF^  component. 

The  low  and  DC  spatial  frequencies  are  generated  by  the  outer 
dimensions  of  the  targets  which  measure  1.22  x  1.22  meters^  and 
2.44  X  2.44  meters^,  respectively.  This  fact  may  be  shown  by 
taking  the  one -dimensional ,  spatial  Fourier  transform  along  th- 
horizontal  path  of  the  target.  At  the  target,  there  is  no 
atmospheric  filtering,  and  the  target  is  ideally  in  sharp  contrast 
to  the  sky  background.  For  this  case,  the  spatial  Fourier 
transform  corresponds  to  a  pulse  and  is  easily  calculated,'* 


=  fl. 


sinn  Vfjf 


(24) 


where , 

Bt  =  target  brightness, 

W  =  width  of  target  (m) ,  and 

f^  =  spatial  frequency  (cycles/meter) . 

The  corresponding  frequency,  fe,  in  cycles/radian  is  related  to 
fjj  by  equation  (12) ,  where  S  is  the  radial  distance  frcxn  the  camera 
to  the  target. 

From  equation  (24),  it  follows  that  the  amplitude  of  the 
spectrum  varies  as  (sin  x)/x,  generating  a  continuous  spatial 
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frequency  spectrum  with  a  maximum  at  zero  (DC)  spatial  frequency 
and  decreasing  to  the  first  minimum  at  a  spatial  frequency  given  by 


C 

^  cycles/ radian.  (25) 

For  the  target  at  1000  meters  which  measures  1.22  x  1.22 
meters^, 


/  =  =  820  cycles/ radian.  (26) 

1.22 

Similarly,  spatial  frequencies  ranging  from  DC  and  higher  are 
also  generated  by  the  black/white,  black/sky,  and  white/sky  step 
transitions.  It  follows  from  the  above  analysis  that  identical 
spatial  frequencies  ranging  from  DC  to  80,000  cycles/radian  are 
generated  by  both  targets  described  in  Figures  1  and  2. 


3.3  MTFx  Spatial  Frequency  Response 

As  described  in  the  previous  section,  the  castellated  targets 
described  in  Figures  1  and  2  ideally  generate  identical  spatial 
frequency  components  in  the  range  from  DC  to  80,000  cycles /radian. 
However,  the  radial  distances  r^^  and  from  the  video  camera  to  the 


19 


targets  A  and  B  are  1000  meters  and  2000  meters,  respectively. 
Therefore,  the  spatial  frequency  components  received  by  the  camera 
from  target  B  are  filtered  by  an  additional  amount  over  those 
received  by  the  camera  from  target  A,  located  closer  to  the  camera. 
This  additional  filtering  corresponds  to  the  intervening  atmosphere 
in  the  region  between  the  targets,  rg-r^^.  Since  both  targets  are 
observed  and  recorded  on  the  same  video  scene,  additional  blurring 
will  be  observed  on  target  B  due  to  the  spatial  filtering  of  the 
atmosphere  in  the  region  between  the  targets. 

From  the  brightness  distributions  of  the  solid/castellated 
target  images  recorded  by  the  video  camera,  the  spatial  frequency 
response  of  the  atmospheric  MTF^  can  be  calculated  for  the  atmo¬ 
spheric  region  between  the  targets.  The  spatial  frequency  response 
of  the  MTFft  between  targets  A  and  B  may  be  expressed  from  equation 
(4)  as  follows; 


MTF{0-A)  =  MTFj’MTFj^{0~A)  , 


(27) 


MTF{0-B)  *  MTFj-MTFj^{0-B)  *  lfrF^'lfrF^{0-A)  ’MTFj^iA-B)  ,  (28) 


where , 

MTF{0-A)  =  apparent  MTP  of  target  A, 
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MTFa(O-A) 

MTFi 

MTF(O-B) 

MTF^IO-B) 

MTFa(A-B) 


MTFfc  of  atmosphere  between  camera  and  target  A, 
MTF  of  video  camera  imaging  system, 
apparent  MTP  of  target  , 

MTF*  of  atmosphere  between  camera  and  target  B, 
and 

MTF^  of  atmosphere  between  targets  A  and  B. 


From  the  above  equations,  and  equation  (2) ,  it  follows  that 
since  targets  A  and  B  have  the  same  inherent  properties,  MTF^(A-B), 
which  is  the  MTF^i,  for  the  atmospheric  region  between  targets  A  and 
B  is  given  by 


MTFj^{A-B) 


MTF{0-B) 

MTF{0-A) 


I  I 

I  STifj^ix.y}]  I  ' 


(29) 


where  fg'  {x,y)  and  f*'  (x,y)  are  the  apparent  brightness  distribu¬ 
tions  of  targets  A  and  B  recorded  by  the  video  camera,  respective¬ 
ly. 

From  the  above  expression,  it  is  concluded  that  the  MTP*  of  the 
intervening  atmosphere  between  targets  A  and  B,  MTFa(A-B),  is  given 
by  the  ratio  of  the  apparent  MTP's  of  target  B  to  target  A,  or  by 
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the  ratios  of  the  corresponding  Fourier  frequency  components  of 
targets  A  and  B,  respectively.  This  conclusion  is  very  significant 
as  this  ratio  is  independent  of  the  imaging  system  characteristics 
and  the  actual  optical  properties  of  the  targets. 


3.4  Instrumentation 

The  video  scenes  were  recorded  with  a  high  resolution,  12 -bit 
CCD  camera  with  512  X  1024  pixels.  The  CCD  camera  (Patterson 
Electronics,  Tustin,  CA)  was  cooled  to  -35‘C  in  order  to  minimize 
electronic  noise.  An  8  inch  telescope  with  2  meter  focal  length  was 
used  to  observe  both  targets  on  the  same  scene  at  high  magnifica¬ 
tion.  A  4  inch  telescope  with  one  meter  focal  length  was  used  for 
visual  sighting.  Equal  density  filters  were  used  to  attenuate  the 
brightness.  For  a  given  filter,  the  integration  time  may  be 
increased  in  multiples  of  10  ms  until  the  maximum  dynamic  range 
4095  is  reached.  The  digital  camera  was  interfaced  with  a  PC-AT 
where  the  digitized  images  are  stored  and  operations  are  performed. 
FFT  operations  were  performed  with  an  attached  array  floating 
point  processor  (Eighteen -Eight  Labs,  Boulder  City,  Nev.)  to  the  PC 
and  with  MATHCAD  software.  (See  Figure  3) 

An  integrating  nephelometer  was  used  to  measure  the  local 
scattering  coefficient.  Thermocouples  were  used  to  measure  the 
vertical  teitqperature  gradient. 
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(b) 


Figure  3.  The  top  photo  (a)  shows  die  CXD  digital  video  camera  widi  telescopes.  Photo 
(b)  shows  the  FC-AT  us^  to  cootrol  tha  camera  and  to  record  arid  analyze  die  digitized  image. 
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Recording  of  the  target  video  scenes  was  initially  severely 
limited  by  wind- induced  vibrations  of  the  digital  camera  platform. 
In  order  to  overcome  this  limitation,  a  portable  wind  resistant 
cage,  measuring  approximately  3x3x5  m^,  was  designed  and  fabricated 
to  house  the  CCD  camera  which  rested  on  a  tripod  mounted  on  top  of 
a  six  foot  high  platform.  In  addition,  the  pc-based  monitoring  and 
recording  equipment  was  also  housed  inside  the  wind  cage.  In  order 
to  minimize  its  weight,  the  wind  cage  was  constructed  with  2"x4" 
wooden  frame,  covered  with  tarp,  and  lined  inside  with  black 
plastic.  Guy  wires  were  used  to  secure  the  wind  cage  to  ground. 
Since  summer  temperatures  varied  up  to  110  degrees  F,  two  evapora¬ 
tive  air  conditioners  were  installed  to  cool  the  air  and  ec[uipment 
inside  the  cage. 

The  near  and  far  targets  were  mounted  on  towers  measuring  8  and 
13  meters  in  height,  respectively.  The  height  between  the  towers 
was  necessary  due  to  the  hilly  terrain  existing  between  the  targets 
and  physical  constraint  of  maximum  height  of  the  camera.  As  a 
result,  the  line  of  sight  from  the  camera  to  the  targets  was 
approximately  0.2  degrees  with  respect  to  the  horizontal.  The  near 
tower  was  constructed  with  4"x4''  lumber,  while  the  far  target  was 
constructed  of  3  in^,  light  structural,  square  tubing.  Guy  wires 
were  used  to  secure  the  towers  to  ground.  In  order  to  clean  and 
align  the  targets  along  the  desired  line  of  sight*  the  targets  were 
mounted  on  rails  which  were  attached  to  the  towers.  This  allowed 
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the  targets  to  be  raised  or  lowered  with  winches  which  were 
operated  by  an  electric  drill.  (See  Figure  4) 


4.0  EXPERIMENTAL  RESULTS 

MTF*  measurements  were  performed  with  the  digital  video 
camera/dual  target  system  described  in  the  previous  section.  Video 
scenes  were  obtained  from  early  morning  to  early  afternoon  in  order 
to  record  the  relative  imaging  effects  of  aerosol  and  turbulence. 
Integration  times  varied  from  10  ms  to  one  second,  depending  on  the 
attenuation  of  the  equal  density  filter  used  and  on  the  desired 
dynamic  range. 

To  measure  the  aerosol  MTF^^  component,  MTPp,  the  low  frequency 
component  of  the  MTF^,  horizontal  and  vertical  line  FPT's  of  each 
target  were  computed  from  the  digitized  pixel  data  of  the  video 
scenes.  These  pixels  were  located  across  the  portions  of  both 
targets  where  there  are  single  step  changes  between  the  white  a#ld 
black  portions  of  the  target  (see  dashed  lines  of  Figure  (2)). 
These  step  changes  generate  a  low  frequency  (sin  x) /x  spectnim, 
similar  to  equation  (24)  .  Based  on  equation  (29),  the  ratio  between 
the  corresponding  FPT  components  of  the  targets  yields  the  low 
frequency  spatial  response  of  the  aerosol  ccxi^nent  of  the  MTP;^ 
between  the  two  targets. 
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Figiue  4.  The  above  photo  shows  one  of  the  two  castellated  targets  measuring  2  24  m*,  mounted  on  vertical 
rails  to  a  13  m.  tower  A  motor  driven  winch  is  used  to  lift  and  lower  the  target. 


The  results  of  MTF^  measurements  are  summarized  in  Appendix  A, 
corresponding  to  typical  measurements  obtained  early  morning,  mid- 
morning,  and  noon,  from  August  1992  through  August  1993.  Figures  5- 
8  summarize  typical  results  of  the  MTFp  aerosol  component  measure¬ 
ments.  Referring  to  Figures  5-8,  (a)  corresponds  to  the  pixel 
values  in  the  line  path  through  the  white/black  step  for  the  near 
and  far  targets,  Fj  and  Bj,  respectively;  (b)  corresponds  to  the 
normalized  low  frequency  magnitude  of  the  FFT's  computed  from  the 
pixel  values  shown  in  (a)  where  |Ffftj|  and  |Bfftj|  are  the  FFT's 
of  the  near  and  far  targets,  respectively,  and  iFfftd  and  |Bffto| 
are  their  corresponding  DC  components;  and  (c)  corresponds  to  the 
normalized  low  frequency  MTFp,  given  by  the  ratio  of  magnitude  of 
the  FFT's  between  the  far  and  near  targets,  respectively.  FFT 
analysis  yielded  a  maximum  spatial  frequency  resolution  of  about 
0.12  cycles/mrad. 

Referring  to  (c)  of  Figures  5-8,  the  low  frequency  dependence 
of  the  MTFp,  below  the  cutoff  frequency,  conforms  closely,  within 
0.5%,  to  the  model  of  the  aerosol  component  given  by  equation  (6). 
However,  the  transition  given  by  equation  (7)  was  not  observed,  as 
the  frequency  response  continued  to  drop  for  fe  greater  than  f;.. 
This  phenomena  is  explained  below. 

The  estimated  aerosol  cutoff  frequencies,  f^,  and  the  DC 
components  of  the  MTP;^,  MTFt,  are  also  included  in  (c)  of  Figures 
5-8.  The  cutoff  frequencies  were  estimated  frcxn  the  aerosol  MTFp 
frequency  response,  equation  (6),  and  estimates  of  the  optical 
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KfTF^  =  0  987 
f,  =  3.94  cjcles/nuad 

T  -  0,175 


X  0.24  qrclea  /  mnd 


(c) 

Figurt  5  {rom  the  morning  of  Augaitl 1,1 992:  (e)  line  pixel  veloea  of  the  bhek'white  step*  for  both  targetr, 

.  (b)  normalized,  line  FFTs  of  both  targets  based  on  the  corresporxling  pixel  values  shown;  (c)  normalized  aerosol 
MTFa  .  MTFp  ,  derived  from  the  ratio  of  far  target  FFT  to  ^  near  target  FFT.  Values  for  t,  aird  MTF^  are 
included.  The  pixel  (a)  and  FFT  (b)  data  on  the  left  and  right  corresponds  to  the  near  and  far  target,  req;>ectively. 
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X  0^4  eyelet  /  mrad 

(e) 

Figure  6 .  Date  from  noon  of  August  21, 1992:  (a)  line  pixel  values  of  the  black-white  steps  for  both  Urgetr.  (b) 
normalized.  line  FFTs  of  both  Urgets  based  on  the  corre^ndmg  pixel  values  shown;  (c)  normalized  aerosol  MTF* 
,  MTF,  ,  derived  from  the  ratio  of  far  Urget  FFT  to  the  near  Urget  FFT.  Values  for  i;.  t,  and  MTF»  are  included. 
The  pixel  (a)  and  FFT  (b)  daU  on  the  left  and  right  corresponds  to  the  near  and  far  target,  reqrectively. 
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Figure  7  .E>aU  from  the  morning  of  November  21. 1992:  (•)  line  pixel  values  of  die  black-white  steps  for  both 
targets;  (b)  normalized,  line  FFTs  of  both  Urgets  based  on  the  corresponding  pixel  values  shown;  (c)  normalized 
aerosol  MIF^ .  MTF, .  derived  from  the  ratio  of  far  target  FFT  to  the  near  target  FFT.  Values  for  f„  x,  and  MTF» 
are  included.  The  pixel  (a)  and  FFT  (b)  data  on  the  left  and  right  corresponds  to  the  near  and  far  target,  respectively. 
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(c) 

Fiaure  8 .  DsU  from  noon  of  November  21.  1992:  (s)  line  pixel  vslues  of  tbe  bUck-white  steps  for  Urgets; 
n«nn«li7ed  line  FFTs  of  both  tsrgcts  based  on  the  corresponding  pixel  vslues  shown;  (c)  normalized  aerosol 

d“riX.m  Ih.  Jo  of  ft,  u,g«  FFT  u.  .««  u,,..  FFT.  V.lu«  f«  f.  ^  .ml  MTF.  m 

includ^.  The  pixel  (a)  and  FFT  (b)  daU  on  the  left  and  right  corresponds  to  die  near  and  far  Urget,  respectively. 
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depth  based  on  extinction  or  scattering  coefficient  values  obtained 
from  contrast,  nephelometer  and  visibility  measurements.  The  DC 
components  of  the  MTF^,  MTPt,,  were  estimated  from  equation  (19)  using 
the  pixel  values  of  the  same  black  to  white  steps  shown  in  (a)  of 
Figures  3-6,  and  calculating  the  ratio  between  the  far  and  near 
target  values. 

The  turbulence  MTF^  components  are  summarized  in  Figures  9-12. 
These  measurements  were  based  on  the  amplitude  variation  of  the 
castellated  black  and  white  strips  (Figure  2) ,  measured  as  a 
function  of  their  spatial  frequency.  Referring  to  Figures  9-12, 
(a)  corresponds  to  the  pixel  values  in  the  line  paths  through  the 
the  center  of  the  castellated  black  and  white,  variable  width 
strips  for  the  near  and  far  targets;  (b)  corresponds  to  the 
normalized,  spatial  frequency  response  of  the  near  and  far  targets 
as  measured  from  the  pixel  values  shown;  and  (c)  corresponds  to 
the  normalized,  spatial  frequency  response  of  the  MTF^  turbulence 
component,  NTF.,  calculated  from  the  ratio  of  spatial  response  of 
the  far  to  near  targets,  respectively.  Estimates  of  the  turbulence 
cutoff  frequencies,  f^t/  are  included  in  (c) .  Spatial  frequencies 
ranging  from  2.5  to  80  cycles/mrad  were  observed. 

From  comparisons  between  the  morning  and  noon  data  of  the 
aerosols  and  turbulence  MTF;^  components  summarized  in  Figures  5-12, 
the  following  observations  may  be  noted; 
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:  8.4  cycles/mnd 


Flwrt  9  .Data  from  the  morning  of  August  21, 1992;  (a)  line  pixel  values  of  casteUaled  WackAMiile  ^pea  for 
both  targets-  (b)  normalized  spatial  frequency  response  of  both  targets  based  on  the  conitespooding  puel  values 

shown;  (c)  tliibdence  KOTa.  Knr, .  derived  fix®  (he  ratio  of  the  fcr  to  near  targa  fre<^ 

values  (a)  and  frequency  daU(b)  on  the  lett  and  right  corresponds  to  (he  near  and  fcr  target,  ie^>ectively. 
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FIgurel  ],D8ta  tom  the  morniog  of  November  21, 1992;  (a)  line  pixel  values  of  castellated  UadcAviute  stripes  for 
both  targets;  (b)  normalized  spatial  fierjutaqr  re^xxise  of  both  targets  based  oo  the  oonnespooding  pixel  valu>s 
shown;  (c)  tu^Ienoe  MTF^ ,  MTF( ,  derived  from  the  ratio  of  the  6r  to  ne«  target  freqaeoy  le^tonse.  The  pixel 
values  (a)  and  frequency  data  (b)  on  the  left  and  right  oonespoods  to  the  near  and  &r  target,  re^rectivefy. 
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FIgvK  12  JDatA  Grom  noon  of  November  21, 1992;  (a)  line  pixel  values  of  castellated  UacIcAvhite  stripes  for 
both  targets;  (b)  normalized  spatial  Grequenqr  teqxnse  of  both  targets  based  oo  die  coonespooding  pixel  values 
shown;  (c)  turbulence  KfTF^ ,  MTFi ,  dedved  from  (he  ratio  of  the  fitf  to  near  target  fiequeqr  reqwose.  The  pixd 
values  (a)  and  frequency  data  (b)  on  dw  left  and  i^oonespoods  to  the  near  and  Gv  target,  respectivdy. 
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(a)  For  the  aerosol  MTP*  components,  (Figures  5-8),  the  cutoff 
frequencies,  ,  were  lower  in  the  morning  than  at  noon, 
indicting  that  finer  particulates  predominated  early 
morning  than  at  noon.  This  was  most  li)cely  due  to  the 
greater  stability  of  the  desert  air  in  the  morning. 

(b)  For  the  turbulence  MTF*  components,  (Figures  9-12),  the 
cutoff  frequencies,  fct  ,  decrease  from  morning  to  noon, 
indicating  a  greater  turbulence  at  noon,  than  in  the 
morning,  as  expected. 

(c)  The  aerosol  MTF^  component  agrees  closely  with  equation 
(6)  but  not  equation  (7) .  This  is  due  to  the  interaction 
of  turbulence  with  the  aerosols.  This  is  evidenced  by  the 
fact  that  the  turbulence  cutoff  frequencies,  f^t  ,  were 
close  to  the  aerosol  cutoff  frequencies,  fc  ,  particularly 
at  noon  of  August  21,  1992. 

(d)  As  indicated  in  Figure  7(c),  the  calculated  MTFu,  the 
contrast  component  of  the  MTF*,  was  greater  than  one. 
This  is  due  to  the  effect  of  reflection  from  the  flat 
white  paint  used  on  the  targets  and  from  the  slight  non¬ 
parallelism  between  the  targets.  Use  of  non- ref lective 
paints  should  yield  more  accurate  results  on  the  calcula¬ 
tion  of  the  MTFb.  Also,  positioning  of  the  targets  along 
a  line  off  East -West  will  minimize  reflection.  In 
Addition,  precaution  has  to  be  taken  to  insure  that  both 
targets  have  a  similar  background.  However,  this  does  not 
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affect  the  FFT  analysis  since  the  DC  components  are 
removed . 

Based  on  the  above  analysis  procedure,  Appendix  A,  Figures  1- 
76,  summarize  the  MTF^  component  measurements  obtained  from 
throughout  the  year  from  August  1992  to  August  1993.  Generally, 
the  results  are  typical  of  those  described  above.  Digitized  data 
is  available  upon  request  from  the  Electrical  Engineering  Depart¬ 
ment  . 

Field  experiments  on  the  effect  of  defocusing  were  found  to 
have  a  minimal  effect  on  the  MTF^  component  determination.  Extreme 
defocusing  effects  can  be  observed  by  comparing  figures  27  and  28 
with  Figures  29  and  30,  respectively,  of  Appendix  A.  The  resullts 
agree  with  theory,  equation  (30),  which  indicates  that  in  determin¬ 
ing  the  MTFft  components  by  taking  ratios  of  the  corresponding  MTF* 
components  between  the  near  and  far  targets,  the  effect  of  the  MTF 
of  the  imaging  system  is  ideally  cancelled. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  digital  video  camera/dual  target  passive  optical  system 
described  above  makes  possible  the  measurement  of  all  MTE^  compo¬ 
nents.  In  particular,  for  the  first  time,  the  low  frequency 
conqponent  of  the  optical  MTFa  due  to  the  aerosol  has  been  measured, 
including  estimates  of  the  aerosol  low  frequency  cutoff. 
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Refinement  of  the  FFT  analysis  should  make  it  possible  to  increase 
the  aerosol  spatial  frequency  resolution  from  about  0.12  to  less 
than  0.01  cycles/mrad. 

As  indicated  in  (c)  of  Figures  5-8  and  the  results  shovm  in 
Appendix  A,  measurement  of  MTPp,  the  aerosol  component  of  the  MTF*, 
provides  an  accurate  technique  for  characterizing  atmospheric 
aerosols.  The  basic  MTFp  relation,  given  by  equation  (6),  was 
verified  within  0.5%  below  f^,  ,  the  aerosol  cutoff  frequency. 

Additional  studies  are  suggested  to  determine  the  actual 
relation  between  the  aerosol  cutoff  frequency,  the  aerosol 
distribution,  and  the  interaction  between  aerosol  scattering  and 
turbulence. 
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Ficurc  2.  DaU  from  700  A-M-of  August  25. 1993;  (a)  liiie  pixel  values  of  castellated  bladc-wbite  slt^  for 
both  targets,  (b)  nonnalized  spatial  frequency  response  of  both  targets  based  on  the  oonreqpooiSiig  pixel 
values  shown;  (c)tutbulence,MTF,,  derived  from  the  ratio  of  the  far  to  near  target  freque^re^poose. 
Cutoff  frequency.  ^ ,  for  MTF|  is  included. 
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(b)nonna]ized.  line  FFTsofboth  targets  based  OQ  the  oonespoodingpixd  values  diown;  (c)  oonnalized  aerosol 
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Figure  4.  D*U  from  9:30  A.M.  of  August  25. 1993:  (•)  line  pixd  values  of  castellaled  blaclc-while  stripes  for 
both  targets;  (b)  normalized  ^atial  frequency  response  of  both  targets  based  on  ibe  oorre^Moding  pixd 
values  shown;  (c)  turbulence,  MTFj,  derived  fromthe  ratio  of  the  far  to  near  target  fiwpieoqriespoaae. 

Cutofffrequeocy.^,  for  MTFj  is  included. 
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Figures.  DaUfrom  1200  PM  of  August  25. 1993;  (a)  line  pixd  values  oftbe  blade-white  stq>s  for  both  targets; 
(b)iK>rmalizied.  line  FFTs<^bothtargeU  based  on  the  corresponding  pixel  values  shown;  (c)  normalized  aerosol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF|,  are  included. 
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Cutoff  frequenqr.  ^ ,  for  MTFt  is  included. 
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FiguraT  Datafrom  7;50AMof  July  10, 1993:  (•)  line  pixel  values  ^(bebUdC'WidteitqMfisrbodiUusett; 

(b)  Donnalized.  line  FFTs  of  both  targets  based  on  the  correqjxxiding  pixel  values  dtown;  (c)  oonnalized  aerosol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  large*  FFT.  Values  for  and  MTF),  are  included. 
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Figures.  DaUlroai7:S0  A  J4.  of  July  10, 1 993:  (•)  line  pixd  values  ofcesteflaledbleck'-whiteatrqies  for 
both  Ougels;  (b)  oonnalized  spatial  frequeoqr  re^>0Qse  of  both  iargeU  based  on  (he  ooiTcspoDdiiig  pixel 
values  drawn;  (c)  turtMiIenoe,  MTF, ,  derived  from  the  ratio  of  the  far  lo  near  target  fieque^  re^Mose. 
Cutoff  frequeiiqr.  ^ .  fcr  MTFi  is  included. 
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(b)  noimalized,  line  FFTs  of  both  targets  based  on  the  cornEspooding  pixel  values  diown;  (c)  nonnalized  aerosol 
MTFo.  derived  from  the  ratio  of  the  far  target  FFT  to  (be  near  target  FFT.  Values  for  and  MTF),  are  included. 
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Figure  10.  Dau  from  8:30  AM.  of  July  10. 1993:  (a)  line  pixd  values  of  castellated  bladc-wlute  stripes  fiv 
both  targets;  (b)  nonnalized  spatial  frequeoqr  Fe^wiise  of  both  targets  based  OQ  die  ooncq^oding  pixel 
values  shown;  (c)  turbulence.  MTF| ,  (Mved  fitxn  the  ratio  of  the  lar  to  near  target  fiequea^  re^ioiise. 

Cutoff  frequency,  ^ .  for  MTFt  is  included. 
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Figure  11.  Dabifrom  ll;30AMofRiIy  10. 1993:  (a)  line  pixel  values  of  (be  black-while  siqn  for  both  UrgeU; 
(b)  normalized,  line  FFTs  of  both  targets  based  on  the  ootre^oading  pixd  values  shown;  (c)  normalized  aerosol 
MTFp,  derived  from  foe  ratio  of  the  fir  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF|^tfe  included. 
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FIfurt  12.  D«U  from  11:30  A.M.  of  July  10. 1 993:  (•)  line  pixdvihietofcastdialed  blade-white  stripes  fer 
both  targets;  (b)  normalized  spatial  frequency  response  of  both  targets  based  oo  die  ooneqiwoding  pixd 
values  shown;  (c)  tuibuleooe.  MTF, ,  derived  from  (be  rdio  of  the  far  to  near  target  fieque^  re^Mose. 

Cutoff  frequency.  .  for  MTFt  is  induded. 
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FlsurelS.  E>atalh)in  7:3S  AMof  Juoe26, 1993:  (a)  liaepixd  values  oftbe  black-white  slept  for  bo(h  targets; 
(b)  Qonnalized,  line  FFTs  of  both  targets  based  oo  the  oorre^Kmding  pixd  values  dx)wii;  (c)  oonoalized  aerosol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFTto  the  near  target  FFT.  Values  for  and  MTF|,  are  included. 
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Figure  14.  Data  from  7;3SA.M.(tf  June  26. 1993;  (a)  line  pixel  values  of  castellated  blkk-white  stripes  for 
both  targets;  (b)  normalized  spatial  frequency  response  of  both  targets  based  on  the  corresponding  pixd 
values  shown;  (c)  turbulence.  MTF|.d^ved  from  tbe  ratio  of  the  far  to  near  target  frequency  reqxxise. 
Cutoff  frequency.  ^ ,  for  MTF(  is  included. 
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Figure  tS.  Dtuficm  8;45AMof  June  26. 1993:  (•}  line  pixel  values  of  the  black-while  stq>s  for  both  target^ 
(b)  Donnalized,  line  FFTs  of  both  targets  based  oa  the  corrc^wnding  pixel  values  shown;  (c)  nonnalized  aerosol 
MTFp.  derived  from  the  ratio  of  (he  far  target  FFT  to  the  near  target  FFT.  Values  forint,  and  MTF|,  are  included. 
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flturclT.  OatafixMi  1 2:00  PM  of  June  26, 1993;  (t)  line  pixel  values  of  tbebladc-M^iitestqie  lor  both  targeto; 
(b)  normalized,  line  FFTs  of  both  targets  based  on  the  oorre^p^ing  pixel  values  diown;  (c)  normalized  aerosol 
MTFp ,  derived  fixxn  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF),  are  included. 
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FIk”'*  ^  ^  of  June  26. 1993:  (•)  line  pixd  values  of  castellated  black-wfaite  stripes  for 

both  targets,  (b)  nonnalized  ^atial  frequency  re^Mose  of  both  targets  based  on  the  oorreqxnding  pixel 
values  dtown;  (c)  tuibutenoe.  MTF,  .derived  from  the  ralioof  the  ftf  to  near  target  frequeoqr  response. 

Cutoff  frequenqr.  ^ .  for  MTFj  is  included. 


NEAR 


2S0  300 

PIXEL  LOCATION 


NEAR 

FFT 


X  0.0612  CYCLES/mRAD 


X  0.0612  CYCLES/mRAD 

MTF^  =  0.8858 

=1.11  cycles/mrad 
(c)  T  =0.1 


X  0.0612  CYCLES/mRAD 

FIturcl9.  Datafroo  10:30  AMof  June  12. 1993;  (a)  line  pixel  values  of  (be  black-white  stqn  for  bodi  targets; 
(b)  normalized,  line  FFTs  of  both  targets  baaed  on  the  corresf^ing  pixel  values  diown;  (c)  normalized  aerosol 
MTFp,  derived  fromthe  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTE^  are  included. 
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FIturc  20.  DaU  from  10:30  A.M.  of  June  12, 1993:  (a)  line  pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  nonnalized  ^atial  frequency  reqxxise  of  both  targets  based  on  the  oorre^poodiog  pixel 
values  shown;  (c)  tutbukooe.  MTF,  .derived  from  the  ratio  of  dte  far  to  near  target  frequency  response. 
Cutoff  frequcoqr,  ^ ,  fer  MTFi  i* 
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FIsukII.  DaUfiroo  11:27  AM  June  12. 1993:  (a)  line  pixd  values  oftbebbdc-white  steps  for  bodi  targets; 
(b)  oonnalized.  line  FFTs  of  both  targets  based  on  the  cotresponding  pixel  values  dxvwn;  (c)  nonsalized  aerosol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  fi)r^,t,  and  MTFi,  are  included. 
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Figure  22.  DeU  from  1 1 :27  A.M.  of  June  1 2. 1 993;  (a)  line  pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  nonnalized  ^atial  frequency  response  of  b(^  targets  based  on  the  oorreqxxtding  pbcel 
values  shown;  (c)  turbulence.  MTFi ,  d^ved  from  the  ratio  of  the  far  to  near  target  freque^  re^xxtte. 
Cutoff  fiequenqr.  ^ .  for  MTF^  is  included. 
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Figure  23.  DaUfrom  10<K)  AM  of  April  17. 1993:  (a)  line  pixd  values  ofAebUde-wfaile  steps  fer  both  targeU; 
(b)  normalized,  line  FFTsofboth  targets  based  on  (be  OQtrespotiding  pixel  values  abofwn;  (c)  nonnalized  aerosol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  ^t.  and  MTF|,  are  included. 
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Figure  24.  DaU  from  10:00  A.M.  of  April  17. 1993:  (a)  line  pixel  values  of  castellated  black*wliite  stripes  for 
both  targets;  (b)  normalized  spatial  frequency  re^jxxtse  of  both  targets  based  on  the  oont^wnding  pixel 
values  shown,  (c)  hvbuleace.  MTF, .  derived  from  the  ratio  of  the  far  lo  near  target  fieque^  response. 

Cutoff  fiequeoqr.  ^ .  for  MTF|  is  included. 
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FlgunlS.  DaUfrom  l2:00PMof  April  17. 1993:  (a)  line  pixel  value*  oftheblack-wfaitealepa  for  bodi  targets; 
(b)  Dormalized,  line  FFTs  of  both  target*  based  oo  the  oonespooding  pixel  value*  dxnni;  (c)  jxxmalized  aero*ol 
MTFp,  derived  fiom  die  ratio  of  the  for  target  FFT  to  the  near  target  FFT.  Value*  for  and  MTF|,  are  included. 
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Figure  26.  DeU  from  1 1 :30  PM  of  April  17, 1 993:  (»)  tine  pixel  values  of  castellated  black-while  stripes  for 
both  targets;  (b)  oonsalized  spatial  firequeacy  response  of  both  targets  based  oa  Ae  ootresponding  pixel 

values  shown;  (c)  tinhulenoe,  MTF, .  <Mved  from  the  ratio  of  the  lar  to  near  target  fiequen^  reqxnse. 

Cutoff  firequency,  ^ .  for  MTFt  is  included. 
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Figure  27.  Daufrom  11:15  AMof  April  17 . 1993:  (•)  line  pixd  values  oftte  black-while  steps  for  both  targets; 
(b)  normalized,  line  FFTs  of  both  targets  based  on  the  oorreqwoding  pixel  values  shown;  (c)  normalized  aerosol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF),  are  included. 
Focus  oo  near  target 
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Flfui«29.  Datafirom  1I'.20  AMof  April  17 , 1993:  (a)  line  pixel  values  oftbe  blade-white  ileps  for  both  targets; 
(b)  normalized.  line  FFTsofbothtargks  based  00  the  oorrespoodingpixd  values  dMwn;  (c)  normalized  aerosol 
MTFp ,  derived  from  the  ratio  d*  the  far  target  FFT  to  the  near  target  FFT.  Values  for  ^  t,  and  MTF|)  are  included. 
Focus  b^ond  near  target 
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Fljur*  30.  D»U  from  1 1 :20  A.M.  of  April  17, 1993:  («)  line  pixel  vtluea  of  cestellatod  blade-white  stripes  for 
Ix^  targets;  (b)  nomialized  spatial  frequency  nspoaae  of  both  targets  based  on  the  oorrespooding  pixel 
values  shown;  (c)  turbulence,  MTF» ,  derived  from  the  ratio  of  the  far  to  near  target  frequeoqr  re^wose 
Cutoff  frequency,  ,  for  MTTi  is  included.  Focus  btyood  near  target 
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FitureSl.  Data  from  1 1 :40  AM  of  April  17 . 1993:  (•)  lioe  pixel  values  the  black'white  steps  for  bodilarKel^ 
(b)  oonnalized,  line  FFTs  of  both  targets  based  oo  the  corresp^ing  pixel  values  shown;  (c)  oonnalized  aerosol 
MTFp  .derived  from  the  ratio  ofthe  far  target  FFT  to  the  near  large*  FFT.  Values  for  and  MTF))  are  included. 

Focus  closer  than  near  target 
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Ficurc  32.  Dau  from  1 1  ;40  A.M.  of  April  17, 1993:  (a)  line  pixd  values  of  casteOaied  black-white  stripes  for 
both  targets;  Cb)  normalized  ^atial  frequency  re^Kxise  of  both  targets  based  oo  the  oonespontfii^  pixel 
values  shown;  (c)  turbulence,  MTF, ,  d^ved  from  the  ratio  of  the  far  to  near  target  finq|ue^  reywae. 

Cutoff  frequency,  ^ ,  for  MTF|  is  included.  Focused  closer  than  near  largeL 
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MTFp.  derived  from  Ibe  ratio  of  the  far  target  FFT  to  the  near  Urgel  FFT.  Values  frtr^t.  and  MTFf,  are  included. 
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Fltui«3S.  DaUfrom  1 2K)0  PM  of  F«bruaty  27. 1993:  (a)  line  pixd  values  of  (be  Mack-white  steps  fcr  both  taf^ets; 

(b)iK)nnalized.  line  FFTsofboth  targets  based  OG  the  coneqpoading  pixel  values  shown;  (c)  ootinalized  aeroaol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF^  are  included. 
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Fltune  36.  DaU  from  1 2K)0  P.M.  of  Fd>ruafy  27, 1993:  (•)  line  pixd  values  of  castenaied  black-while  shipes  for 
both  targets;  (b)  oonnalized  spatial  fiequeocy  impoose  of  both  targets  based  oo  the  oorrespooding  pixel 
values  showo;  (e)  turbulcooe,  MTF, .  d^ved  from  the  ratio  of  the  fSv  to  oear  target  fieqjue^  fcspoase 
Cutoff  linequeoqr.  ^ .  for  MTF|  is  kiduded. 
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Fitur«37.  DaUfrom  9:00  AM  of  December  22. 1992:  (•)  lioe  pixel  values  of  the  black-wt^flcptfiirbodi  targets; 
(b)  nonnalized,  line  FFTs  of  both  targets  based  on  the  corre^ooding  pixel  values  shown;  (c)  normalized  aerosol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  large*  FFT.  Values  for  and  MTF|,  are  included 
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Figure  3t.  Dau  from  9:00  AM.  orDecembor  22. 1992.  (a)  line  pixd  values  of  casleOated  blade-while  stripes  for 
both  targetr.  (b)  oonnalized  spatial  frequency  mpooae  of  both  larfels  based  oo  the  oorraponfing  pixel 
values  sbown;  (e)  ttibukaoe,  MTF| .  derived  from  the  rMio  of  the  6r  to  near  target  freqiuc^  respooae. 

Cutoff  fteqpueoqr,  ^ ,  fcr  MTF|  is  inchided. 
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Fiturc39.  DtUfiooi  9:S7  AMofOeoeniber22. 1992:  (•)  line  pood  values  of  (he  bbck-whiteilqw  fir  bodi  targets; 
(b)  normalized,  line  FFTsofboth  targets  based  on  the  oorre^pooding  pixel  vahieadiown;  (c)  nonnalized  aerosol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  l^t,  and  MTF),  are  included 
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Fl(ui«4t.  Daufipom  1 1 KX)  AM  of  December  22. 1992:  (a)  Ime  pixel  values  ofihe  blade-white  siqpa  for  bolb  targets; 
(b)  normalized,  line  FFTsofbolb  targets  based  00  the  com^poodingpixd  values  shown;  (c)  nonnalized  aerosol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTFb  are  mchided. 
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Fl(ur«42.  Data  60a  11.00  A.M.  of  December  23. 1992:  (a)  tine  pixel  values  of  casieUaled  blade-white  stripes  for 
both  largetr.  (b)  ootmalized  ^tial  fre<|ueacy  response  of  both  targeb  based  on  the  oorrespoodiiif  pixel 
values  shovra;  (c)  lurtNileaoe.  MTF|  .derived  froQi  (be  ratio  of  the  far  10  near  target  freque^  fcifnose. 

Cutoff  fieciuency,  .  for  MTFt  is  ntehtdel 
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Fltur*43.  Daufiom  7.00 AMorNoveinba-21.  f992:  (a)lioepixd vaHiesorihetlack-whiteileinlbrboditarieU; 
(b)noniMlized,  line  FFTsofboth  targets  based  OQ  the  oofTe^)oodingpixdvahieaA(nvn;  (e)  normalized  aerosol 
MTFp.  derived  from  the  ratio  of  the  far  target  FFT  to  die  near  larger  FFT.  Values  forint,  and  MTF()  are  included. 
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ntuit  44.  D.U  from  7«)  A.M.  of  November  21. 1992.  (•)  line  pixel  values  of  cssteDsted^-wbile  stripes  for 

boihureetr  (b) oonmlized spstiilfrequency  reyxise of bodi Urgrti based oo Ihe coaespoiwfim pixd 

vahies  Aowii;  (c)  turt)ulei«e.  .derived  «he  ralfoof  the  fir  10  Dear  larirt 

Cidoff  freriueiKy.  ^ .  for  MIFt  is  included. 
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FI.UK4S  DiUftom  I2«)PMof  ^tovea>b«^*21.l992:  (•)rinepixdvdue»of«ieblKk-while«»^fab<^^ 

A)  iK)rn»lized.UneFnsofbolh  targets  based  00  the  cont^pondinjpbcdviIiiM  (c)  oomializod  aenaol 

M^p.  derived  from  the  rilk)  of  the  far  target  ITT  to  the  near  tar^  Values  fcr^.t.  and  MTFt  are  inchided. 
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Fltur«46.  DaUfrocn  12:00  P.M.  ofNovetnberll.  1992:  (•)  line  pixel  values  of  castellated  black-white  stripes  for 
both  targets;  (b)  nomalized  ^tial  finequency  response  of  both  targets  based  on  the  correspooiSiig  pixel 
values  dwwn-.Cc)  turbulence.  MTF,  .derived  from  the  ratio  ofOieCv  to  near  target  fieque^  response. 

Cutoff  frequenqr.  ^ .  ft*’ MTF|  is  included. 
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f1tut«47.  DtUfiocn  8<X>AMaf  October  31, 1992:  (a)  line  pixd  values  ofibe  black-white  alq»  fix’ bo(ht«(ets; 
(b)ooniialt2ed.  line  FFTsofboth  targets  based  OQ  the  correspooding  pixel  values  Aown;  (c)  ooraialized  aerosol 
MTFp  .derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF^  are  included. 
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Fl{ure  4$.  DtU  from  8:00  AM  of  October  31. 1992:  (a)  line  pixel  values  of  castellated  blade-white  stripes  for 
both  tartetr.  (b)  Donnalized  spatial  frequency  tesponse  of  both  targeu  based  OQ  the  ooncapoodifit  pixd 
values  diown;  (c)  liabuleooe;  MTF| ,  derived  from  the  ratio  of  the  ik  to  oesr  target  freq^M^  resfXXM 
Cutoff  fiequeoqf.  ^ .  Ibr  MTF|  IS  ioduded. 
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Figure  49.  Datefrom  9:30  AM of  October3i.  1992;  (a)  line  pixel  values  of  tbebbck-wfaite  suffer  both  taifel^ 
(b)  normalized,  line  FTTs  of  both  targets  based  on  the  corresponding  pixel  values  shown;  (c)  nonnalized  aerosol 
MTFp .  derived  from  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  fiv  ^  t,  and  MTF(|  are  induded 
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Figure  SO.  Dau  from  9:30  A.M.  of  October  3 1. 1 992;  (a)  line  pixel  value*  of  castellated  black-wbite  stripes  tor 
both  targets,  (b)  nofmalued  spatial  fiequenqr  re^tocse  of  both  larfets  based  oa  (he  ooneapooding  pixel 
values  siwvm;  (c)  turtnikaoe.  MTF, .  derived  from  (be  ratio  of  the  far  to  Dear  (argiet  fteque^  reapoiM. 

Cutoff  fiequeocy.^.fcrMTFi  is  ioduded.  gg 
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KfTFp.  derived  from  the  ratio  of  the  far  target  FFT  (0  (be  near  Urget  FFT.  Valueafor^t.andMTF^areinchided. 
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Fltuf*  S2.  DaU  fion  7.-00  A.M.  ciCkldber  17. 1992:  (a)  line  pixel  values  of  cestdlated  bbdc-whHe  itripes  fer 
bodt  laifecr.  (b)  ixxiiialized  spatial  flv({ueoqr  re^Moae  of  lw(b  tsriett  based  00  Ibe  ooncapoodfatg  pbcd 
values  ibowii;  (c)  turbdcwie.  MTF, .  derived  froo  die  rtfio  cT  Ihe  fiv  lo  new  tivfel  R^poQHi 

Cutoff  fi«|ueocy,  ^ .  Ibr  MIF|  is  nduded. 
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FlturcS3.  Data  from  9K)0  AM  of  October  17.1992:  (•)IinepixdvahietordRl>lack-wliheatopaforbodit«feti; 
(blnortnalized.  line  FFTsofbolh  targets  based  oa  the  oorrespoiKfiDg  pixel  values  Aowb;  (c)  oonnaltzed  Mrosol 
MTFp.  derived  from  the  ratio  the  far  target  FFT  to  the  near  large*  FFT.  Values  for  and  MTE^  are  included 
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Fl|ure  54.  DaU  from  900  AM  of  October  17. 1992:(a)linepixd  vahieaofcasleOtledbhclc-whileslripesfer 
both  targetr,  (b)  oonndized  ipatid  fimpieaqr  re^WQK  of  both  UrfeU  baaed  oa  die  OQn«a|K»diag  pixel 
values  shown;  (c)  turtwieiioe.  IfTFi ,  derived  from  Ae  ratio  of  the  ftr  to  near  target  frequent  raimae. 

Cuh>fffr«q|ueoqr.4i.fcrMTF|isiDduded.  .. 
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FlfureSS.  Daufrom  7K)0  AMof  SepteniberS.  1992:  (•)  line  pixdvduetoribe  black-while  slept  fiir  both  Umtr 
(b)Donnalized.  line  FFTsctfbotb  targets  based  on  the  oonespooding  pixel  values  dwwn;  (c)  normalized  aeiXMol 
MTFp.  derived  from  the  ratio  of  the  lar  target  FFT  to  Oe  near  target  FFT.  Vahiealbr^i;  and  MIF5  are  included. 
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Figure  56.  DaU  from  7:00  A.M.  of  Sq>lcnibcr  5. 1992:  (a)  line  pixel  valuea  of  cHeOaied  Made-white  stripea  for 
both  tarfetr.  (b)  oormalttod  spatial  fiequea^  reqiOQse  of  bodi  ttffctt  baaed  on  die  cairei|Kmfiaf  pixel 
values  shown;  (c)  nitukooe.  Knr, .  derived  from  dte  tatio  of  die  fk  to  near  largd 

Cmoff  fn«|iieDGy.  ^ .  fv  MTF|  is  inriuded 
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FIsurcST.  Datafrom  9:30  AMof  SeptooerS.  1992;  (a)  line  pixel  valun  of  die  black-white  steps  fcr  both  tarfets; 
(b)  DOfroalized.  line  HTs  of  both  targets  based  oo  die  oontspooding  pixel  values  shown;  (c)  normalized  aeroml 
MTFp  .derived  from  the  nOiooflbe  far  target  FFT  to  the  near  target  FFT.  Values  for  ^t,  and  MTF|,«e  included. 
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FiguraSS.  Daufroni9:20  AJwLof  Sq)<cniber  S.  1992:  (•)  line  pixdvthies  of  culelUted  Mack-while  stripes  for 
both  urgets;  (b)  noniulized  spatial  frequeaqr  response  of  both  largeu  based  oa  die  eorrcspooding  pixel 
values  shown;  (c)  tirtulenc*.  MTF, .  derived  foom  foe  f«»  of  the  Ik  to  near  targel  inqjieoey  re^ponsa 
Cutoff  frequcnqr.  ^ .  for  MTF|  is  inehided. 
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Fitttr«59.  DaUfrom  2KX)PMor  SqXenberS.  1^;  (a)liiiepixd vahjcsofllwUacfc'Wiiiteslqitlbrbodittrfetc 
(^)iK>iTOalized,IibeITTsofbo(h(argM  based  00  (he  Gone^wadingpixd  values  dMfwn;  (e)  nonnalized  aerosol 
MTFp.  derived  from  Ibe  ratio  of  the  ftr  target  FFT  to  (be  sear  target  FFT.  Values  for  ^.t.adMTF|,«eiiichided. 
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Flturt60.0«ufram  II^WAMof  SqitemberS.  I992:(«)linepixd  vihiesofc4sieOatedbl«dc-wlute«tripe*li3r 
bodi  Urfets;  (b)  nonndized 

values  Aown;  (c)  bibtdeaoA  MTFi  .derived  ftoo  Ibe  ratio  of  the  far  to  nev  tar|c(  lk(pie^ 

Cutoff  ioqiieiKy.  .  to  kflYl « included.  _ 
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Flfure61.  DaUfrom  7.00  AMof  August  26. 1992:  («)  line  pixel  vihies  of  the  black-wluteale|icfi)rbodit«yeta; 
(b)  oormalized.  line  FFTs  of  both  targets  based  oo  the  oorrespooding  pixel  vahiea  dMwn;  (c)  iinmatr?»i«t  aeraeol 
MTFp,  derived  from  the  ratio  of  the  far  target  FFT  to  (be  near  target  FTT.  Values  for  and  MTF5  are  included. 
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FIture  <2.  Dau  from  7:00  AM.  of  August  26, 1992:  (a)  line  pixel  values  of  castellaled  Made-white  slri^  fcr 
both  targetr,  (b)  oonnalized  spatial  fiequeaqr  response  ofboth  larfets  based  00  (be  conveponfiog  pixel 
values  dww^  (e)  tiabuleooe,  MTF| .  dm'ved  fixm  the  ratio  of  the  brio  near  largeC  fifeque^  mpooaai 
Culoffft«|ueoGy.  ^ .  fbr  MTPt  is  induded 
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FlfurcBS.  DaUfrom  9:30  AM  of  August  26, 1992:  (a)  line  pixd  values  of  (be  bladc-wUle  slept  for  both  taigets; 
(b)  DomMlized.  line  FFTs  of  both  targets  based  oa  the  oonespooding  pbcd  values  shown;  (c)  ooinulized  aerosol 
MTFp .  derived  fiom  the  ratio  of  the  far  target  FFT  to  the  near  target  FFT.  Values  for  ^t,  and  MTF|,  are  inchided. 
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Figure  64.  Dtufipom  9:30  AM.  of  August  26, 1992:  (a)  line  pixd  values  ofctsidloled  Made-white  stripes  &r 
both  largels;  (b)  Donnalized  spaUai  fretpieaqr  response  of  both  tarfels  based  oo  the  coneqwodinf  pixd 
values  dwwn;  (c)  twhulcooe,  MTF| .  derived  from  the  ratio  of  the  ftr  to  near  laifet  freque^  leqMaaaL 
CiMoff  fire(|iieaqf .  ^ .  fbr  MTFt  is  iodudad. 
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FlfurciS.  DatafixMii  l2:OOPMaf August 26. 1992:  (a) line pM values cfibebUck-wliilealqwfa- both tarfeU; 
(b)tK)nnaIized.  line  FFTs  of  both  targets  based  00  the  correspooding  pixel  values  dwwn;  (e)  ooraiafized  •eroeoi 
MTFp  .derived  from  the  ratio  ofthe  far  target  FFT  to  the  near  target  FFT.  Values  and  MTF|)  are  included. 
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Flfurc  6f.  Dau  firom  12:00  PM  of  Aupal  26. 1992:  (•)  Im  pocel  vahiea  ofcHcflaied  bbek-wUle  «ripea  fbr 
both  tai^ets;  (b)  oonoaKzed  ipaiiai  Ikqueixy  reapoaie  of  bodi  largefi  based  00  te  cormpoodiiig  pnti 
vduee  dMWB;  (c)  turiwieaoe.  Knr, .  derii^  Ihm  Ae  ndo  of  dw  (iv  lo  ae«  t«|Bl  freqnc^ 

Cutoff  fipequeoqr,  ^ .  fcr  bfTFt  is  ioeluded 
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FIturcOT.  Dtufrom  7:00  AM  of  August  25. 1992;  (t)  line  pod  values  of  die  Uacic-wtiite  steps  fbr  both  brgeti; 
(b)nonnalized,  line  FFTsofbothUrgeu  based  00  the  ootTcspondiDgpKd  values  sbown;  (c)  nonoalized  aooaol 
MTFp,  derived  finom  the  ratio  of  the  liu- target  FFT  to  (be  near  target  FFT.  Values  for  ^t.  and  MIT^  «e  included 
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njui*  69.  DiU  fixim  7.00  A  M.  Of  Augwl  25. 1992:  (•)  line  pixd  vihie*  of castdhied  Uadc-wliite  tar 

both  urgetr.  (b)  iMnodized  spaiMl  ftwNfncy  reipoaM  ofbolh  tacsels  btsed  OB  die  conopoo^ 
vduet  dwwn;  (c)  curtjulcooe.  MTT,  .derived  from  ibe  ritio  of  die  ik  to  netr  ticirt 

C»rtoir  frequency,  .  far  MIFt  • 
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Flsure(9.  Datafrom  9;30AMofAugual25. 1992:  (a)iiiKpM vahiesofAeblacIc-wbileatepsIbrbodilHieta; 
(b)aonnalized.  line  FFTsofbodi  targets  baaed  oa  die  GonespoodmgpixdvahieaAofwn:  (e)iioniiaIizedaenMai 
MTFp.  derived  from  the  ratio  of  the  &r  target  FFT  to  the  near  target  FFT.  Valueifbr^t,aodMTF(^  are  included 
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Figure  70.  DaU  from  9:30  A.M.  of  August  2S.  1992:  (•)  line  pixel  values  of  cesleOated  bladt-while  stripes  for 

both  targetr,  (b)  oomialized  qMb'al  frequency  raponse  of  both  targets  based  00  die  conespooding  pixel 
values  dMwn;  (c)  nibuknoe,  MTF|  .d^ved  from  die  ratio  of  foe  for  lo  near  target  frequency  icspoQsaL 

Cutoff  frequeoqr.  ^ .  for  MTF|  is  achidel 
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Flfurt  74.  Dtuftom  7.00  A.M.  of  August  21. 1 992;  (a)  line  pixel  vriuesofcM^Jsledbtoek-wliite  Gripes  fcr 

both  targets;  (b)  normalized  yatial  frequency  response  ofbothurgett  based  ca  the  contapoitfm  pixel 
vahies  sbowiu  (c)  tabuknce.  MIT, .  deriv«l  from  dm  ratio  of  die  fir  to  near  liiiet  frwpiei^ 

Cutoff  frequency.  ^ .  ibr  MTTt  is  iociHded. 
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FIguroTS.  Daufrom  12:00 PMofAufusI 21. 1992:  (a)liiwpixdvalaesoflheblack*wliileatqwlbrlM(htar9e(^ 
(b)iioriDalized,  line  ITTaofbolhtartett  based  00  fheooneapoadinfpiMelvahieadioiwni^  (c)ooraia&2edaeroeol 
MTFp.  derived  finofnlhe  ratio  of  (be  far  target  FFT  to  the  near  target  FFT.  Values  for  and  MTF),  are  included. 
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Flfura  7(.  Dau  fixm  12.-00  PM  of  August  21, 1992:  (a)  line  pixel  values  ofcasidlaied  Made-white  stripes  for 
both  targetr.  (h)  nonnalized  spalia!  frequeaqr  response  ^both  targets  besed  oa  the  oonc^poodng  pM 

vahies  sImwb;  (c)  turtHikaoe,  Iim,  .derived  froin  the  ratio  of  die  te  10  Bear  largd  ieqpe^ 

Cotoir  ftei|ucocy.  ^ .  fbr  l^t  tt  bcMed. 
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